Thermal fluids can transport heat to the large surface of a thermoelectric (TE) panel from hot and/or cold sources. The TE power thus obtainable was precisely evaluated using numerical calculations based on fluid dynamics and heat transfer. The commercial software FLUENT was coupled with a TE model for this purpose. The fluid velocity distribution and the temperature profiles in the fluids and TE modules were calculated in two-dimensional space. The electromotive force was then evaluated for counter-flow and splitflow models to show the effect of a stagnation point. Friction along the fluid surface along a long, flat path was larger than that along a short path split into two parts. The power required to circulate the fluids along the flow path is not negligible and should be considered in TE generation system design.
INTRODUCTION
Thermal fluids can transport thermal energy to the large surface of a thermoelectric (TE) panel from hot and/or cold sources. When the amount of waste thermal energy is limited, a smaller temperature difference between the hot and cool surfaces cannot be avoided due to the heat exchange through the TE modules. Use of thermal fluids to give a larger surface area of the TE modules is very effective to increase the yield of recovered waste heat. [1] [2] [3] [4] [5] [6] [7] However, use of too large a TE panel increases the internal electrical resistance, and the TE power drops. Therefore, appropriate dimensions for the TE power generation system are proposed based on analytical calculations; [2] [3] [4] [5] [6] [7] for example, counter flow of two fluids was reported to be the most effective approach to obtain the largest TE power from a single, flat TE panel. 2 Recently, the authors reported based on onedimensional analysis that split flow perpendicular to the TE panel can give the same power as counter flow. 7 However, the fluid behaviors were approximated as uniform turbulent flow, and the onedimensional analysis did not correctly simulate the effects of fluid splitting. These assumptions cause some errors in the description of the heat exchange in these models when applied to practical power generation systems.
The purpose of this study is to report results of numerical calculations that consider two-dimensional motion of both fluid and heat in the two working fluids, enabling analysis of the two-dimensional temperature distribution in the fluid and solid simultaneously. Reported fluid patterns such as counter and split flow 7 are again studied using this two-dimensional analysis. The efficiency of the counter flow approach is analyzed using heat transfer and fluid dynamics for a single TE panel. In particular, the effects of stagnation and convection of the fluids are estimated. The commercial software FLUENT was coupled with the TE model for this purpose. Ó 2012 TMS pieces (5 mm 9 5 mm 9 5 mm bricks) was connected in series using a metallic electrode (5 mm 9 12 mm 9 0.025 mm) and ceramic insulator (0.025 mm thick). For the thermal properties of the TE materials, those of the BiTe pair were taken, because they were commonly used in previous studies. [2] [3] [4] [5] [6] [7] As the fluid, pure water was chosen, flowing along the surface of the TE module. Because the analytical simulation 2,3,5-7 could not handle an inhomogeneous velocity distribution, this paper focuses on the velocity and temperature distributions. The fluid dynamics software FLUENT calculates the mass conservation and the momentum conservation simultaneously based on the finiteelement model. The heat transfer is evaluated by adding the term of energy conservation to these two conservation laws. Typical temperature dependencies for these materials were taken from handbooks. The mesh size was set at 10,000 for TE materials, 240 for electrodes and insulator, and 20,800 for fluids. FLUENT can handle the velocity and temperature in both the fluid and solid meshes. The flow at the inlet was set as homogeneous but soon adopts a parabolic velocity profile due to the assumption of laminar flow. Numerical calculation convergence was taken at 1000 iterations, because the error for the loop calculation became much smaller for more than 300 iterations and the laminar flow result for 44,500 iterations was identical to that with 1000 iterations.
The thermoelectromotive force (EMF) was calculated as the open-circuit voltage using the TE evaluator add-in program. 8, 9 It was first calculated under a constant temperature gradient without any fluids, and the effectiveness and reproducibility of the calculation were confirmed by varying the calculation parameters such as mesh size. When the mesh size was inadequate, the electrode edge effects were significant, as seen in the electric potential analysis; these details will be reported separately. The chosen numerical parameters seem good to express the effect of fluids.
The fluid velocity distribution and the temperature profiles in the fluids and TE modules were calculated in two-dimensional space by using two thermal fluids. The EMF was evaluated for counterflow and split-flow models to show the effect of a stagnation point, which could not be evaluated using the previous analytical approach. 7 
RESULTS AND DISCUSSION
Simple Counter Flow in a One-Dimensional Array
Temperature Distribution
The same amounts of water (298 K and 348 K at the inlet) per time were supplied to each of two fluids paths, as shown in Fig. 1 . Adiabatic walls were set at the top of the hot fluid and at the bottom of the cold fluid, with heat transfer occurring from the hotter fluid (upper path in Fig. 1 ) to the colder fluid (lower path) through the electrodes and TE modules. As the gap for the fluid path was set to 1 mm, we limited the maximum velocity to 0.05 m/s to confirm the laminar flow. Because counter flow is assumed in Fig. 1 , it can be seen that the hotter fluid (red part of upper fluid) expands the hot zone towards the right as the fluid velocities increase. In contrast, the colder fluid (deep-blue part of lower fluid) expands the cool part towards the left. At the higher velocities, the temperature distribution in the TE elements became flatter, with similar profiles being found for all elements, as seen in Fig. 1 . Figure 2 shows the temperature profiles at the inner surface of the electrode, i.e., the surface temperature at the TE element. It is clear that the temperature of hot fluid decreases along the path, and that the cold fluid is warmed up. The electrode surface temperature was found to be continuous even where the TE element was not in contact with the electrode. Therefore, we may assume that gaps between the TE elements are not critical when evaluating the temperature distribution along the path.
Although the fluid velocity used is slow, the heat transfer through the solid TE module is much slower. At the higher velocities, most of the heat was carried away by the hot fluid without supplying heat to the module. This condition results in a larger temperature difference across the TE module, although the thermal efficiency of the fluid became worse.
EMF
The temperature profiles in the TE elements enable us to evaluate the EMF due to the Seebeck effect. This calculation assumes electric connection with an external load of 0.1 X. Therefore, the generated current is so small that the contribution of Peltier cooling can be neglected. However, Fig. 3 shows the EMF evaluated by considering the Peltier effect and the temperature dependency of the thermal properties of the TE elements. The effect of the thermal properties of the materials on the EMF values was not significant and will be reported separately.
As shown in Fig. 3 , the velocity of the thermal fluid significantly affects the EMF value. A small increase of velocity can generate more TE power; for example, the calculation at 100 m/s (extremely fast to correspond to ideal heating and cooling) gave 19.17 mV. When we can set the TE terminals at 298 K and 348 K ideally, the EMF should be 22.6 mV at the conditions given in this study. This difference (11.7%) is due to Peltier cooling and Joule heating, which were neglected in the analytical calculation. 2, 3, 5, 6 The possible temperature drop due to the presence of electrode did not severely affect the EMF values. This is partially because this model used metallic silver as a very thin conductor. Figure 3 also shows the EMF when the thermal fluids flowed in parallel. The analytical evaluation after simplification predicted that the EMF value in counter flow is always larger than that in parallel flow; 2 however, the evaluation herein shows that this is true only at slower velocities. Although the difference is very small, the EMF in parallel flow became slightly larger than that in counter flow. All the variables in the numerical calculation such as the temperature dependencies of the TE elements, fluids, electrode materials, and heat transfer coefficients may interact in a complex way, details of which will be reported separately. However, this kind of unexpected behavior from the analytical calculation may require modification of the system design in TE power generation, thus demonstrating the importance of such numerical calculations.
Splitting and Joining Fluids

Temperature Distribution
Previous analysis by some of the authors 7 showed that simple counter flow over a one-dimensional TE array can generate the maximum power when two fluids are used. Layered packing of the TE modules could produce a similar output, but a slightly smaller output was predicted. When we use a onedimensional array of TE modules, the splitting and joining fluids can generate the same maximum output. 7 As clearly shown in Fig. 4a , a hot fluid is introduced at the center of the TE module and flown to the upper path perpendicularly. It is split into two fluids and flows out at the two terminals of the upper path. In contrast, the cold fluid is introduced from the two ends of the lower path, joining at the center of the lower path and being extracted from the meeting position. Therefore, the central part of the upper path is heated while the two terminals of the lower path are cooled, as shown in Fig. 4a . When the velocity increases, the temperature profiles become homogeneous, as seen in Fig. 4b .
The temperature distribution at the adiabatic wall surface provides a representative fluid temperature. As shown in Fig. 5 , this strange flow type of two fluids gives a centrosymmetric temperature profile.
Velocity of Fluid
The velocity profiles were also analyzed. Although a homogeneous velocity was set at the inlet in all cases, parabolic velocity profiles rapidly developed even at the part closer to the inlet. According to nondimensional fluid dynamics analysis, the influence of the inlet should be felt even at the outlet in these settings, but it seems to be well suppressed. Figure 6 shows the velocity analysis near the outlet of the cold fluid in the case of the joining fluid. The velocity at the central part of the fluid path is the fastest in the laminar flow, and the direction of the fluid changes to perpendicular at the outlet. As a result, the cold fluid path is stagnated at a portion close to the electrode wall, where the fluid stops its motion in the x-direction. Detailed analysis of the x-and y-direction velocities shows that fluid circulation or rotation occurs near the stagnation point. In the same way, circulation of the hot fluid is generated at the fluid inlet. The velocity change was not considered in the homogeneous turbulent flow in previous studies, 2, 3, [5] [6] [7] and this study clearly shows the importance of fluid analysis.
EMF
The EMF values for split-joining flow are also shown in Fig. 3 . These are commonly smaller by about 1% than those in counter flow when compared for the same velocity. The difference is small and may be due to the presence of stagnation points.
Friction
Because nonslip wall conditions were assumed, the friction at the electrode surface is large and a larger pressure is needed to drive the fluid. The pressure in the fluid decreased as the x-position In the future we will calculate the total pressure loss for the fluid motion and evaluate the energy balance between the TE power generation output and the energy consumption required for the fluid circulation.
CONCLUSIONS
Heat transfer from two thermal fluids to a TE module was analyzed numerically using fluid dynamics and heat transfer. Because of the narrow and short path, laminar flow is assumed with slow fluid velocity. This is partially because this effect could not be analyzed by previous analytical approaches.
The EMF was evaluated for counter flow and split-joining flow models. For the latter model, the effect of the stagnation point was found. The friction along the fluid surface was calculated. The pumping power should be considered in TE generation system design in the future. This paper investigates a TE generator modification based on the introduction of fluid separation and direction change. This model was examined numerically using fluid dynamics and heat transfer, being found to be favorable in terms of decreasing the pressure loss of the fluids. The idea of using counter flow should be confirmed experimentally to strengthen future TE generator designs.
